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ABSTRACT OF THESIS

EVALUATING RESTORATION OUTCOMES:
RED SPRUCE REFORESTATION
IN THE WEST VIRGINIA HIGHLANDS
Red spruce (Picea rubens) is the keystone species of the red spruce-northern
hardwood forest, a unique high-elevation plant community that supports hundreds of
animal species in the Central Appalachians. These forests were devastated by the Industrial
Logging Era of the late 1800s and early 1900s, and they remain in a degraded and
fragmented state. Current restoration efforts include red spruce plantings on old field sites
and reclaimed coal mines. This project seeks to aid those efforts by evaluating restoration
outcomes for vegetation and soils along a ten-year chronosequence. Specifically, the study
aims to determine whether restoration site soils and vegetation are trending towards
reference conditions, and how those trends vary between old field and reclaimed mine
planting sites. Analysis revealed several promising trends in vegetation and soils.
Additionally, red spruce planted on mined lands perform as well or better than those
planted on old fields, owing in part to greater availability of soil nutrients on reclaimed
surface mines.
KEYWORDS: Ecological Restoration, Forestry Reclamation Approach, Legacy Mined
Land, Old Field, Reforestation, Red Spruce.
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CHAPTER 1. INTRODUCTION
Red spruce (Picea rubens) is a keystone species of high-elevation Central
Appalachian forests. It is the linchpin of a unique plant community that supports hundreds
of animal species, including many rare, threatened, and endangered species. Red spruce
ecosystems in the Central Appalachians were devastated by the Industrial Logging Era of
the late 1800s and early 1900s, and they remain in a degraded and fragmented state
throughout most of their former range (Byers et al. 2010). This reduction in range and
connectivity greatly impacts the long-term sustainability of Central Appalachian sprucehardwood forests, especially in light of predicted climate-driven range shifts (Beane and
Rentch 2015).
A partnership of over eighteen state, federal, and private organizations known as
the Central Appalachians Spruce Restoration Initiative (CASRI; restoreredspruce.org)
works to restore resilience and connectivity to these forests. CASRI’s restoration projects
include red spruce plantings on legacy mined lands and old-field sites, involving hundreds
of personnel and hundreds of thousands of trees per year. These large-scale projects depend
on timely acquisition of reliable, quantitative data on planting efficacy.
The partnership has implemented short-term (1-2 year) efficacy monitoring on many of its
restoration sites, but there is little information on the mid-term (5-10 year) results of these
tree plantings. This project seeks to fill this knowledge gap. CASRI scientists and
practitioners provided input on research needs and study design, helping to ensure that this
study provides useful and timely information for ongoing restoration projects.
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This study aims to determine the mid-term impacts of red spruce restoration
plantings on the vegetation and soils of reforestation sites in the highlands of east-central
West Virginia. Specifically, the study aims to answer three questions:
1. How does restoration planting efficacy vary between restored mined lands and
restored old-field sites? Discovering the nature and causality of this variation will
greatly enhance land managers’ ability to choose ideal sites for red spruce
restoration plantings. Common knowledge suggests that old-field plantings should
perform better, as mined sites have been subjected to extensive environmental
degradation and are generally considered to be poor-quality planting sites.
2. Are restoration sites on a trajectory towards the target ecosystem’s vegetation
composition? Knowing whether sites are trending towards their target forest
composition, and the drivers of variability in these trends, will help to determine
whether any planting prescriptions require modification to produce the desired
forest type.
3. Are restoration sites on a trajectory towards the target ecosystem’s soil
characteristics? Understanding the restoration sites’ soil characteristics will provide
insight on red spruce growth and vegetation composition in the mined and old field
sites. Soils information may also be used to determine limitations in these disturbed
landscapes that could influence the efficacy of the restoration activities.
The rationale for these research questions and objectives will be explored in greater detail
in the literature review below.
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CHAPTER 2. LITERATURE REVIEW
Red spruce restoration is vital for the long-term health of Central Appalachian
forests. Red spruce is the keystone species of the red spruce – northern hardwood (“sprucehardwood”) forest type, which was once the dominant high-elevation forest type in the
Central Appalachians and still serves as the primary habitat for hundreds of animal species
(Byers et al. 2010). However, red spruce was virtually extirpated from the Central
Appalachians during the Industrial Logging Era of the late 1800s and early 1900s. Without
red spruce, the spruce-hardwood forest did not recover from the landscape-scale clearcuts
and raging wildfires of the Industrial Logging Era (Korstian 1937). The demise of the
spruce-hardwood forest, in turn, imperiled many of the animal species that rely on it for
habitat. Today, West Virginia’s spruce-hardwood forest has naturally regenerated on only
about 50,000 acres, or 10% of its pre-logging range, and these second-growth forests are
scattered across numerous isolated and fragmented patches (Byers et al. 2010). These
trends of deforestation and recovery are typical of Central Appalachian spruce-hardwood
forests. This unique forest type has lost much of its original resilience, connectivity, and
ecological value. Additionally, climate change poses a severe threat to red spruce
ecosystems in the Central Appalachians, with an 85% reduction in spruce-suitable habitat
predicted for West Virginia by the year 2080 under conservative climate models (Beane
and Rentch 2015). This prediction essentially sets a time limit for the reestablishment of
large, healthy, climate-resilient spruce-hardwood forests.
With many spruce-dependent wildlife species in serious decline, and with rising
extinction pressure from climate change, active restoration of the spruce-hardwood forest
is imperative to ensure the long-term health of Central Appalachian forests. Studies have
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shown that active restoration is a critical supplement to passive protection (Thomas-Van
Gundy and Sturtevant 2014), and large coalitions of conservation organizations have
implemented active restoration across broad swaths of the Central and Southern
Appalachians (CASRI 2010; SASRI 2014). However, little quantitative research has been
performed to evaluate the efficacy of these active restoration projects.
Active restoration of red spruce is particularly critical in open, non-forested areas.
Red spruce has a low rate of natural recruitment in open areas such as old fields (Cavallin
and Vasseur 2008) and, likely, abandoned mined lands. This is due in part to its extremely
specific light requirements; it is dependent on advance reproduction, germinating in the
low-light conditions of a mature forest understory and only responding to increased light
levels after several years of understory growth (Burns and Honkala 1990). Germination
and emergent seedling survival are negatively affected by full sunlight (Westveld 1931).
Additionally, red spruce seedlings have a strong preference for podzol soils, which form
under conifer forests over hundreds of years (Stickel 1928) but degrade rapidly following
deforestation (Barrett and Schaetzl 1998). These light and soil issues are compounded by
the lack of mature, seed-producing red spruce trees throughout most of the species’ former
range. Therefore, many deforested open areas lack the light requirements, soil
requirements, and seed source necessary for natural recolonization by red spruce. Natural
recolonization of red spruce in these areas tends to produce small dense clumps with low
interconnectivity, limiting its usefulness as habitat as well as its potential for seed dispersal
(Fortney and Rentch 2003). Therefore, deforested open areas such as old fields and
abandoned mined lands are crucial focal areas for active restoration of red spruce.
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Both old field and abandoned mined lands pose unique challenges for restoration.
The term “old field” refers to abandoned farmland, either pasture or row crops, which
develops a unique vegetative community through secondary succession (Odum 1960). For
the first several years following cessation of agriculture, this community is dominated by
graminoids, which are then succeeded by forbs, which may then reach a steady state or
follow a variety of successional pathways. Despite the vegetative changes, short-term site
productivity typically stays stagnant and, in some cases, declines relative to crop
production (Odum 1960). Additionally, old fields are prone to nutrient depletion, raising
the potential for sub-optimal long-term plant growth (Stinner et al. 1984; Richter et al.
1994). However, despite these potential limitations on productivity, old fields generally
have soil and vegetative conditions conducive to a wide variety of planting projects and
are therefore a major focus of reforestation projects.
For decades, old fields have been the primary focus of large-scale reforestation
efforts in the eastern United States. They offer near-ideal conditions for a variety of
reforestation techniques with minimal site preparation and few requirements for
specialized personnel, leading to generally high efficacy at very low cost per acre
(Schweitzer et al. 1997). Old field reforestation techniques generally focus on the
establishment of one to three major overstory species and rely on natural colonization of
other native species to complete the target plant community (Allen 2008). While this
natural colonization does not always occur, sometimes leading to long-term issues with
community composition, old field reforestation is nevertheless considered to be a highly
efficient and effective method of reestablishing native forests at the landscape scale
(Schweitzer et al. 1997; Allen 2008).
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Abandoned surface mines, on the other hand, have a long history of environmental
degradation and costly, often ineffective, reclamation. In 1977, the federal Surface Mining
Control and Reclamation Act (SMCRA) was passed, enacting a broad suite of reforms
targeted at rectifying the widespread environmental issues caused by surface mining earlier
in the twentieth century (Menzel 1981). Between 1977 and 2015, 2.4 million acres of mined
lands in Appalachia were reclaimed using SMCRA practices (Barton et al. 2017a). Erosion,
flooding, and subsequent pollution were several of the most extreme issues associated with
early surface mines. Therefore, SMCRA reclamation involved several erosion control
practices such as recontouring mined lands with compacted mined spoil and revegetating
the site with fast-growing ground cover (Menzel 1981; Adams 2017). Due to this highly
competitive, often non-native, early-successional vegetation, coupled with the compacted,
rocky, organic-matter-poor soil, these sites often enter a state of arrested succession, in
which successional pathways are blocked by poor growing conditions and the sites remain
as low-productivity grasslands rather than succeeding towards shrubland and forest
(Groninger 2017). Tree plantings on these sites often have extremely high mortality and
stunted growth, and thus forest restoration is typically not incorporated into SMCRA
reclamation (Barton et al. 2017b).
While this grassland reclamation is still the federal standard for surface mine
reclamation, increased interest in reestablishing forests on legacy surface mines has led to
the development of the Forestry Reclamation Approach (FRA) (Burger et al. 2017). This
set of practices includes extensive site preparation, including soil decompaction and
removal of non-native vegetation, to facilitate tree planting and to promote the survival and
growth of planted seedlings. FRA practices have been adopted in many parts of the Central

6

Appalachians, including the high elevations of West Virginia, to restore native forests on
SMCRA-reclaimed legacy mine lands.
In summary, while there are barriers to productivity and tree growth on both old
fields and legacy mined lands, those barriers are much greater on mined sites than on old
fields. Old fields have a well-documented history of low cost, high efficacy planting
projects across a variety of forest types, whereas reforestation projects on mined sites face
many physical, chemical, and biological challenges and can be costly. The FRA offers a
novel approach that has proven generally successful in increasing the efficacy rates of
legacy mined land reforestation projects, but its efficacy in restoring high-elevation conifer
forests, as well as its efficacy relative to old field planting projects, have not yet been the
subject of rigorous study. The spruce-hardwood forest type is unique in Central
Appalachia, and the high elevations of Appalachia have a unique environmental history
including extensive exposure to acid rain (McLaughlin and Tjoelker 1992). The relative
success rates of old field and mined site FRA reforestation, particularly in this unique
Central Appalachian ecosystem, represent a knowledge gap that this study aims to fill.
Data collection focused on meaningful metrics that can be quantitatively compared
to the restoration projects’ target reference conditions, namely the conditions of the red
spruce-yellow birch forest type described by Byers et al. (2010). One such metric is ground
cover vegetation. The spruce-birch forest type is typified by a unique distribution of ground
cover categories: 8% cover in the short shrub stratum, 6% cover in the herbaceous stratum,
and 53% cover in the non-vascular stratum (Byers et al. 2010). Reclaimed mined lands and
old fields, on the other hand, will have much more herbaceous cover and much less nonvascular cover (Pickett 1982; Groninger et al. 2017). Therefore, broadly speaking, a
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successful red spruce restoration project on a field or mined site will see a gradual decrease
in herbaceous cover and an increase in non-vascular cover as it approaches reference
conditions.
Similarly, the podzol soils associated with mature red spruce forests are typified by
unique conditions. Their organic horizons are known as folistic epipedons, meaning the
organic layer is at least 15 cm in depth, and their mineral layers tend to have high cation
exchange capacity, low pH, low base saturation, and low nutrient content compared to
other West Virginia soils (Byers et al. 2010). Notably, nitrogen is the one major nutrient
that has an above-average concentration in spruce-influenced soils relative to other forest
soils of West Virginia (Byers et al. 2010). Moreover, they are characterized by eluviation
of clay, metals, and organic material from their uppermost mineral horizons, leading to
distinct patterns of stratification (Barrett and Schaetzl 1998). Soil characteristics at oldfield sites vary based on past land use, and soil characteristics at former mined sites vary
based on the reclamation approach used (Zipper et al. 2013; Sena et al. 2018). However,
both site types will undoubtedly have soil chemistry and organic horizon depths that are
markedly different from spruce-influenced reference conditions. While it can take centuries
for spruce-associated soils to fully form, soil conditions on mined lands can improve
rapidly after implementation of the Forestry Reclamation Approach (Miller et al. 2012;
Sena et al. 2018; Littlefield et al 2013). Therefore, changes in soil should be observable
over the course of these chronosequences, particularly for mined sites, and these changes
can be compared against reference values for spruce-associated podzol soils to determine
whether sites are trending towards reference soil conditions.
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The literature outlined above is a critical component of this study. In combination
with data gathered from REF, it provides the reference values against which sites’
vegetation and soils will be compared, and it provides crucial context for evaluation of the
relative performance of mined and old field sites.
CHAPTER 3. MATERIALS AND METHODS
3.1 Study sites
This study’s project area is divided into three parts: three former mined sites, three
old field sites, and one reference site. All seven sites are located in the highlands of eastern
West Virginia. See Appendix A for site maps. The single reference site was supplemented
by well-documented reference conditions in the literature: vegetation surveys from Byers
et al. (2010) and Westveld (1931), and soil data from Byers et al. (2010) and SoilWeb
(University of California and USDA NRCS 2019). Paired chronosequences were
established by selecting one mined site and one old field site from each of the following
ages: one, seven, and ten full growing seasons post-planting. The plantings for these age
classes occurred in the spring seasons of 2020, 2014, and 2011, respectively, with the
exception of the ten-year old field planting, which occurred in the fall of 2010. This
difference in planting season would have negatively impacted the seedlings’ initial (20102011) survival, as fall plantings are more vulnerable to first-winter mortality relative to
spring plantings (David Saville, CASRI, per communication). This in turn would affect the
present-day density (trees/acre) of the planted trees. It is not expected to directly affect any
other experimental variables, although density changes could have secondary effects on
spruce seedling performance.
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The mined chronosequence sites will be referred to as M1, M7, and M10 for years
one, seven, and ten, respectively. The old field chronosequence sites will be referred to as
F1, F7, and F10 for years one, seven, and ten, respectively. The reference site will be
referred to as REF.
The mined sites are located within the Monongahela National Forest (MNF) at a
location known as the Mower Tract, a 40,000-acre parcel situated on top of Cheat Mountain
at an elevation of 3,000-4,000 feet. The Mower Tract was historically dominated by red
spruce-northern hardwood forests, which were completely clearcut during the Industrial
Logging Era of the late 1800s to early 1900s. It was logged again in the mid-1900s, and
then approximately 2,500 acres of the Mower Tract were strip mined in the 1980s. After
mining operations ceased, the area was reclaimed by compacting the remaining soil, which
mostly consisted of fragmented shale, and planting grasses and tree species, many of which
were non-native. As of 2010, the mined lands on Mower Tract were in a state of arrested
succession, dominated by poor-quality grasslands and patchy low-richness stands of
stunted non-native conifers. To remediate these poor site conditions, the MNF partnered
with the non-profit organization Green Forests Work (GFW) and other CASRI partners to
restore the former mined lands. Large-scale restoration began in 2010 and has continued
to the present day. This project’s mined land study sites are located in the recently-restored
areas. All soils on the mined study sites are classified as Udorthents, mudstone and shale,
low base.
F1 and F10 are located on conservation lands in Canaan Valley, West Virginia.
Like the Mower Tract, Canaan Valley sits above 3,000 feet in elevation, was once
dominated by red spruce-northern hardwood forests, and has a history of extensive logging.
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After the Industrial Logging Era, many of the former forests were converted to
pasturelands. Then, in 1971, Canaan Valley Resort State Park (CVSP) was established,
beginning a trend of conserving former pastureland for conservation and recreation. CVSP,
Canaan Valley National Wildlife Refuge (CVNWR), and other CASRI partners have
conserved a large block of Canaan Valley, and beginning in the early 2000s those partners
began restoring old fields to red spruce-northern hardwood forests. F1 and F10 are located
on CVSP lands. The study sites’ soils are Andisols, with the dominant Belmont series
(Typic Hapludalfs) grading to the Calvin series (Aquic Fragiudalfs) in wet areas.
Due to a lack of Canaan Valley planting areas with appropriate site histories, F7
was located on private conservation land on Pharis Knob, West Virginia. This site’s
elevation (3500-3700 ft.) and latitude are intermediate between the Mower Tract and
Canaan Valley. Like Canaan Valley, Pharis Knob was fully deforested during the Industrial
Logging Era, and then the mountain’s slopes were converted to pastureland. Low-intensity
cattle grazing continued on the site until roughly 2012, when fences were built to keep
cattle out of restoration areas. Like the Canaan Valley study sites, the Pharis Knob study
sites’ soils belong predominantly to the Belmont series, grading to the Calvin series
(Inceptisol; Typic Dystrochrepts) on higher, steeper slopes. Overall, F7 is very similar to
F1 and F10 in terms of climate and soil series, making it an appropriate addition to the old
field chronosequence.
REF is located at an elevation of 4100 feet in a roughly 100-year-old red spruce
stand near Gaudineer Knob, one of the peaks within the broader Cheat Mountain landscape.
This site is not an old-growth stand; it was clearcut during the Industrial Logging Era and
allowed to regenerate naturally. This is representative of the red spruce-yellow birch forest
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described by Byers et al. (2010), which is the standard restoration target for CASRI spruce
plantings. The soils of this site belong primarily to the Gauley series of Spodosols.
These sites are comparable in terms of macroclimate and spruce suitability. All of
them were historically dominated by red spruce forests, all are well within the interior of
red spruce’s current range (Byers et al. 2010), and all fall on or near the border of USDA
plant hardiness zones 5a and 5b. The only exception is the seven-year-old field site on
Pharis Knob, which lies fully within plant hardiness zone 5a. Its position relatively low on
the mountain slope does, however, place it in the warmer area of zone 5a, making its
climate

fairly

comparable

to

conditions

at

the

other

six

sites

(https://planthardiness.ars.usda.gov/).
3.2 Survey Methodology
At each of the six planting sites, eight survey transects were laid out, arranged in
two groups of four. At the reference site, only one group of four transects was used, as the
majority of reference information is drawn from vegetation and soil data provided by Byers
et al. (2010), Westveld (1931), and SoilWeb (University of California and USDA NRCS
2019). To determine the locations of each transect group, each site was subdivided into
small areas (5-10 acres) based on topography and other natural boundaries, and then two
subdivisions were randomly selected as locations for the transect groups. Transects were
arranged in groups due to the constraints of site geometry, not for the purposes of
experimental blocking.
For each transect group, the origin of the first transect was located at a randomlyselected spruce seedling within the pre-selected subdivision. From the origin, the first
transect was laid out along a random azimuth. The length of the transect depended on the
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density of the restoration planting being surveyed; it extended until it captured ten red
spruce seedlings. These seedlings, and all other seedlings measured, fell within one meter
on either side of the transect’s center line, making the transect a total of two meters in
width. The second, third, and fourth transects were laid out at right angles to the first
transect, starting at the origin, midpoint, and endpoint, respectively, forming an “E” shape.
These transects also captured ten spruce seedlings each. In the rare instances when transects
were unable to capture ten spruce seedlings before leaving the planting area, additional
seedlings were measured at random from the non-surveyed zones between transects. In the
equally rare instances when transects ran through extremely dense areas of planted spruce,
they were extended to a minimum of 20 meters, regardless of how many spruce were
captured.
Along each transect, data collection included: species of each planted tree, distance
between planted trees, 2020 growth (first internode length) of each red spruce, vigor of
each red spruce (see below), and height of each planted tree. Additionally, within a 2x2m
plot at the midpoint of each transect, category-based groundcover diversity was recorded.
At the center point of each of these plots, soil samples were collected at depths 0-10 and
10-25 cm. Soils were analyzed for pH, P, K, Ca, Mg, Zn, total C and N, soluble salts, cation
exchange capacity (CEC), base saturation, and texture. Soil pH was measured in a 1:1
soil:water paste, and soluble salts (soil electrical conductivity) was measured in a 1:3
soil:water solution with a conductivity bridge (Soil and Plant Analysis Council, 2000).
Concentrations of P, K, Ca, Mg, and Zn were measured by Mehlich III extraction and
analysis by ICP-MS (Inductively coupled plasma mass spectrometry) (Soil and Plant
Analysis Council,

2000). Total C and N were quantified

13

using a CHN

(Carbon/Hydrogen/Nitrogen) Analyzer (LECO Corporation, St. Joseph, MI, USA) (Nelson
and Sommers, 1982). Particle size distribution was evaluated by the micropipette method
(Miller and Miller, 1987). Cation exchange capacity and base saturation were assessed
using the ammonium acetate method at pH 3 (Soil and Plant Analysis Council, 2000). See
Appendix B for a sample data sheet. See Appendix C for soil data tables.
Vigor was assigned on a 0-5 scale, based on four common health indicators for red
spruce seedlings: chlorosis, needle loss, branch loss, and malformation. Each seedling
started with a score of 5, which was reduced by 1 for each health indicator observed. If the
seedling was completely dead, it was assigned a score of 0.
Growth rate was measured separately and thus was not considered when assigning
a vigor score. This growth rate measurement was taken by using 2020 annual growth as a
proxy. 2020 annual growth was determined by measuring the first internode length of each
red spruce seedling.
3.3 Data Analysis
Transects were the experimental unit for the overwhelming majority of analysis.
The only exceptions were the two statistical indices described below for Question 2, which
used site as their experimental unit.
Analysis of relative performance of mined versus old field sites (Question 1) was
broken into three general steps. First, identify instances of significant variation in red
spruce height, growth, and vigor between mined and old field sites at each year on the
chronosequence. Second, determine the overall drivers of variability in red spruce height,
growth, and vigor at each year on the chronosequence. Third, from within those overall
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drivers, identify the drivers that contributed most significantly to the instances of variation
identified in the first step.
To identify instances of significant differences in red spruce height, growth, and
vigor between mined and old field sites at each year on the chronosequence, nine one-way
analyses of variance (ANOVAs) were performed: one for each of the three spruce variables
at each of the three chronosequence time points. For each ANOVA, site type was the
independent variable, and spruce height, growth, or vigor was the dependent variable. Each
ANOVA was followed with a Tukey’s Honest Significant Difference (HSD) test.
To determine the overall drivers of transect-level variability in red spruce height,
growth, and vigor at each year on the chronosequence, a principal component analysis
(PCA) was used to evaluate drivers of full-dataset (all site, soil, and vegetation variables)
variability. These PCA results were used to determine the initial input variables for nine
generalized linear models (GLMs): one for each spruce variable at each time point. These
GLMs were then refined using stepwise regression. The resulting regression equations
revealed the most influential variables driving overall variation in seedling height, growth,
and vigor.
To then identify which of these overall drivers contributed most significantly to the
instances of variation identified in the first step, another round of one-way ANOVA + HSD
analyses was performed. For each ANOVA, site type was the independent variable, and
one of the overall drivers was the dependent variable. Overall drivers that varied
significantly with site type were identified as the primary drivers behind differences in red
spruce seedling performance between mined and old field sites.
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All of the above analysis was performed using R version 4.1.2 (R Core Team 2021),
“agricolae” package (de Mendiburu and Yaseen 2020).
To evaluate whether restoration sites’ vegetation is on a trajectory towards
reference conditions (Question 2), Jaccard’s Similarity Coefficient (JSC) was used to
compare tree species composition of: (1) field to mined sites at each time point, (2) study
reference site to literature reference conditions as described in Byers et al. (2010), and (3)
each site to literature reference conditions. JSC is a simple index of similarity between two
groups: in this case, groups of tree species (Jaccard 1912). Additionally, the Shannon –
Weiner Diversity Index (SWDI) of each site’s tree and shrub species compositions,
including literature reference conditions, was computed (Spellerberg and Fedor 2003).
Additionally for Question 2, target values for red spruce height, growth, vigor, and density
were determined using reference information from REF and from literature sources. Simple
comparisons were used to determine whether mined and old field study sites are meeting
these target values.
To evaluate whether restoration sites’ soils are on a trajectory towards reference
conditions (Question 3), focal variables were selected based on known indicators of
podzolization (Stickel 1928; Barrett and Schaetzl 1998) and availability of literature
reference data (Byers et al. 2010; University of California and USDA NRCS 2019). These
focal variables are pH, percent carbon content, percent nitrogen content, and percent clay.
Analysis in R began with two-way ANOVAs evaluating effects of treatment (site type and
age), depth (0-10 or 10-25 cm sample), and the interaction of treatment and depth on each
of the focal variables. The next analysis step depended on whether significant effects were
found for treatment, depth, treatment*depth interaction, or some combination thereof.
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Where only treatment was significant, chronosequence progression towards
reference conditions was evaluated for the average focal variable value across both
sampling depths. This progression was evaluated using a one-way ANOVA (focal variable
average ~ treatment) and a Tukey’s HSD test.
Where depth was significant, chronosequence progression towards reference was
evaluated for each sampling depth individually as well as for stratification (Depth 1 minus
Depth 2). This was carried out using three one-way ANOVAs + HSD tests per focal
variable, using Depth 1 value, Depth 2 value, and stratification as the dependent variables
for these three analyses.
No significant effects were found for treatment*depth interaction, or for any other
combinations of treatment, depth, and treatment*depth interaction, and so no analysis
methods were prepared for those situations.
CHAPTER 4. RESULTS
4.1 Question 1: Mined vs. Old Field Performance
When evaluating spruce seedling height, growth, and vigor at mined versus old
field reforestation sites, significant differences were observed (α = 0.05) in seedling height
at all time points and in seedling vigor at Year 1. No significant differences were noted for
vigor at Year 7 or Year 10, or for growth rate at any time point.
For height (Figure 1), a small but significant difference was observed at Year 1,
with the old field site slightly outperforming the mined site, with mean height 0.39 vs. 0.36
m. Then, at Year 7 and Year 10, mined sites outperformed old field sites by a significant
and clearly observable margin, with mean height 1.58 m vs. 1.37 m at year 7, and 2.01 m
vs. 1.47 m at year 10. Based on GLM analysis (Table 1), the greater average height at the
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Year 1 old field site was driven primarily by significantly lower soil pH relative to the Year
1 mined site. Meanwhile, greater average heights at the Year 7 and Year 10 mined sites
were driven by shallower slope at Year 7 greater soil magnesium concentration at Year 10,
relative to their old field counterparts. Other variables that significantly contributed to the
height GLMs did not vary significantly between treatments. These variables were aspect
at Year 1 and soil phosphorus concentration at Year 7, with cooler aspect and greater
phosphorus correlating to greater seedling height.

Figure 1. Comparison of seedling heights between mined and old field transects at years 1,
7, and 10. Boxes represent medians and interquartile ranges, whiskers represent non-outlier
minimums and maximums, and dots represent outliers. Asterisks indicate the significantly
greater site type at years when significant height differences were observed.
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For growth rate (Figure 2), no significant differences were found between mined
and old field sites. At each year on the chronosequence, variation between transects was
observed, but this variation was not driven by treatment. GLM results (Table 2) suggest
several other drivers for growth rate differences between transects. These drivers included
pH and slope, with lower pH and shallower slopes contributing significantly to greater
growth rate at Years 1 and 10, respectively. Additionally, shrub cover significantly
influenced seedling growth, but with a less straightforward relationship: at young ages,
seedling growth was negatively influenced by shrub cover, whereas at Year 10 seedling
growth was positively influenced by shrub cover.
Table 1. Generalized linear models based on stepwise regression of seedling height (H)
response to environmental variables. Column “p (treatment)” displays ANOVA p-value
determining whether regression variables varied significantly with treatment.

H = 0.70 - 0.055 pH + 0.014 Asp - 1.13 SolSalts - 1.02x10-4 R2 = 0.69
Mg
Variable (unit)
t value
p > |t|
p (treatment)
pH *
-2.25
0.046
0.021
Aspect (1-5, warmer-cooler) **
-2.27
0.044
0.27
Soluble salts (mmhos/cm) ***
-1.64
0.13
2.58x10-6
[Mg] (mg/kg) ***
-1.24
0.24
0.00036
Year 7
H = 1.47 + 0.42 P – 0.024 Slope + 0.0034 Graminoid
R2 = 0.65
Variable (unit)
t value
p > |t|
p (treatment)
[P] (mg/kg) **
4.07
0.0016
0.092
Slope (%) *
-3.18
0.0080
0.024
Graminoid (% cover)
1.77
0.10
0.202
Year 10
H = 4.53 + 0.0036 Mg – 0.69 pH + 0.016 Shrub
R2 = 0.42
Variable (unit)
t value
p > |t|
p (treatment)
[Mg] (mg/kg) *
3.60
0.0036
0.00020
pH
-1.74
0.11
0.62
Shrub (% cover)
1.45
0.17
0.42
* Variable contributes significantly to GLM and varies significantly with treatment
** Variable contributes significantly to GLM but does not vary significantly with treatment
*** Variable varies significantly with treatment but does not contribute significantly to GLM
Year 1
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Figure 2. Comparison of seedling growth between mined and old field transects at years 1,
7, and 10. Boxes represent medians and interquartile ranges, whiskers represent non-outlier
minimums and maximums, and dots represent outliers.
Table 2. Generalized linear models based on stepwise regression of seedling growth (G)
response to environmental variables. Column “p (treatment)” displays ANOVA p-value
determining whether regression variables varied significantly with treatment.
Year 1
G = 0.20 - 0.020 pH
R2 = 0.37
Variable (unit)
t value
p > |t|
p (treatment)
pH *
-3.13
0.0074
0.021
Year 7
G = 0.10 + 0.013 CEC - 0.0020 Shrub + 0.00037 K
R2 = 0.39
Variable (unit)
t value
p > |t|
p (treatment)
CEC (meq/100g) *
3.25
0.0070
0.014
Shrub (% cover) **
-2.96
0.012
0.37
[K] (mg/kg) ***
1.44
0.18
0.0045
Year 10
G = 0.26 + 0.0063 Shrub - 0.0057 Slope
R2 = 0.42
Variable (unit)
t value
p > |t|
p (treatment)
Shrub (% cover) **
2.47
0.028
0.42
Slope (%)
-1.43
0.18
0.929
* Variable contributes significantly to GLM and varies significantly with treatment
** Variable contributes significantly to GLM but does not vary significantly with treatment
*** Variable varies significantly with treatment but does not contribute significantly to GLM
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For seedling vigor (Figure 3), the Year 1 mined site dramatically outperformed the
Year 1 old field site (average vigor 3.94 vs. 2.79). GLM regression (Table 3) shows that
this difference is driven mainly by significant differences in soluble salts between
treatments. At Year 7 and Year 10 sites, average vigor was similar between mined and old
field seedlings. There was significant variation between transects, but this variation was
not driven by treatment. GLM results suggest other drivers for this inter-transect variation.
Increasing vigor was associated with lower soil pH and higher calcium concentrations at
Year 7, and with shallower slopes and increasing shrub cover at Year 10.

Figure 3. Comparison of seedling vigor between mined and old field transects at years 1,
7, and 10. Boxes represent medians and interquartile ranges, whiskers represent non-outlier
minimums and maximums, and dots represent outliers. Asterisks indicate the significantly
greater site type at years when significant vigor differences were observed.
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Table 3. Generalized linear models based on stepwise regression of seedling vigor (V)
response to environmental variables. Column “p (treatment)” displays ANOVA p-value
determining whether regression variables varied significantly with treatment.

V = 0.69 + 0.0098 Slope - 6.43 SolSalts + 0.068 Shrub +
R2 = 0.82
-5
8.35x10 Ca
Variable (unit)
t value
p > |t|
p (treatment)
Slope (%) ***
1.49
0.16
0.0045
Soluble Salts (mmhos/cm) *
-3.68
0.0036
2.58x10-6
Shrub (% cover) **
3.18
0.0087
0.75
[Ca] (mg/kg)
2.00
0.070
0.24
Year 7
V = 1.79 – 0.24 pH + 0.00023 Ca
R2 = 0.68
Variable (unit)
t value
p > |t|
p (treatment)
pH *
-4.63
0.00047
0.011
[Ca] (mg/kg) ***
1.66
0.12
0.010
Year 10
V = 0.60 + 0.012 Shrub – 0.0091 Slope
R2 = 0.60
Variable (unit)
t value
p > |t|
p (treatment)
Shrub (% cover) **
3.55
0.0035
0.42
Slope (%)
-1.75
0.10
0.929
* Variable contributes significantly to GLM and varies significantly with treatment
** Variable contributes significantly to GLM but does not vary significantly with treatment
*** Variable varies significantly with treatment but does not contribute significantly to GLM
Year 1

4.2 Question 2: Vegetation Trends
A trend towards reference conditions would be represented by an increase in JSC
over time. Neither old field nor mined sites displayed any such trend (Table 4). Old field
sites displayed the opposite trend, with JSC decreasing over time, whereas for mined sites
JSC remained consistently low.
A trend towards reference conditions could also be represented by sites’ SWDI
approaching, over time, that of the literature reference system. Again, no such trend was
observed in old field or mined sites (Table 5). Each chronosequence’s SWDI approximates
a parabolic curve, with its highest point at Year 7, lowest point at Year 10, and an
intermediate diversity value at Year 1.
Aside from JSC and SWDI, which are indices of the study sites’ overall tree and
shrub communities, trends in planted seedling height, growth, and density could indicate a
trend towards reference conditions for the red spruce portion of the target spruce-hardwood
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community. Height and growth are displayed above in Figure 1 and Figure 2, respectively,
and density is displayed below in Figure 4. At M10 and F10, average heights were 1.68 m
and 1.47 m, respectively. At the same sites, average growth rates were 25 cm and 29 cm
for M10 and F10, respectively. Density varied widely between sites: M1, M7, and M10
contained an average of 93, 125, and 210 spruce seedlings per acre, respectively, while F1,
F7, and F10 contained an average of 554, 158, and 577 spruce seedlings per acre,
respectively. This was compared against the density of mature red spruce at REF within
the forest’s oldest age class, i.e., the first wave of succession after the forest was logged
roughly 100 years ago. This REF density was 178 first generation spruce per acre, which
aligns closely with the literature reference of approximately 185 first generation spruce per
acre (Pauley 1988; Byers et al. 2010).

Figure 4. Comparison of red spruce seedling density between mined and old field transects
at years 1, 7, and 10. Solid blue line represents literature average (185 trees/acre); dotted
blue lines represent reference site density range (62-346 trees/acre). Boxes represent
medians and interquartile ranges, whiskers represent non-outlier minimums and
maximums, and dots represent outliers.
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Table 4. Jaccard’s Similarity Coefficient (JSC) for site pairs’ tree and shrub species
compositions.
Site 1
Site 2
Jaccard’s Similarity
Coefficient
M1
F1
0.5
M7
F7
0.5
M10
F10
0.33
REF
Literature Reference
0.57
M1
Literature Reference
0.27
M7
Literature Reference
0.19
M10
Literature Reference
0.27
F1
Literature Reference
0.42
F7
Literature Reference
0.32
F10
Literature Reference
0.25
Table 5. Shannon-Weiner Diversity Index (SWDI) for sites’ tree and shrub species
compositions.
Site
Shannon-Weiner Diversity Index
M1
1.24
M7
1.67
M10
0.93
F1
0.87
F7
1.69
F10
0.73
REF
0.53
Literature Reference
0.86
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4.3 Question 3: Soil Trends
Soil pH (Figure 5) varied significantly with treatment (site type + year). It did not
vary significantly with either sample depth or the interaction of treatment and depth. Based
on ANOVA + Tukey’s HSD, only F7’s soil pH was similar to that of the reference site.
However, the mined chronosequence shows a trend towards reference conditions, with a
significant drop in pH between M7 and M10.

Figure 5. Transect soil pH by sample depth and site. Letters indicate Tukey’s HSD
groupings for soil pH, averaged across both depths. Boxes represent medians and
interquartile ranges, whiskers represent non-outlier minimums and maximums, and dots
represent outliers.
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Percent soil nitrogen content (N; Figure 6) varied significantly with treatment and
depth, but not with the interaction of treatment and depth. Based on ANOVA + Tukey’s
HSD, at Depth 1 (0-10 cm), F1, F7, F10, and M10 had N% similar to reference conditions.
At Depth 2 (10-25 cm), all study sites had N similar to reference conditions. N stratification
(Depth 1 – Depth 2) showed clear progression over time towards reference conditions on
mined sites, whereas stratification on field sites was similar to reference conditions
throughout the chronosequence.

Figure 6. Transect soil nitrogen by sample depth and site. Letters indicate Tukey’s HSD
groupings for nitrogen content stratification (Depth 1 minus Depth 2). Boxes represent
medians and interquartile ranges, whiskers represent non-outlier minimums and
maximums, and dots represent outliers.
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Percent soil carbon content (C; Figure 7) varied significantly with treatment and
depth, but not with the interaction of treatment and depth. Based on ANOVA + Tukey’s
HSD, at Depth 1 (0-10 cm), F10 had C similar to reference conditions, and all study sites
had C similar to one another. At Depth 2 (10-25 cm), all study sites had C similar to
reference conditions. C stratification (Depth 1 – Depth 2) showed no progression over time
for either field or mined chronosequence. C stratification overall was greatest at the
reference site, followed by field sites, followed by mined sites.

Figure 7. Transect soil carbon by sample depth and site. Letters indicate Tukey’s HSD
groupings for carbon content stratification (Depth 1 minus Depth 2). Boxes represent
medians and interquartile ranges, whiskers represent non-outlier minimums and
maximums, and dots represent outliers.
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Percent soil clay content (clay; Figure 8) varied significantly with treatment and
depth, but not with the interaction of treatment and depth. Based on ANOVA + Tukey’s
HSD, at Depth 1 (0-10 cm), all study sites had clay similar to reference conditions and to
one another. At Depth 2 (10-25 cm), no study sites had clay similar to reference conditions.
Clay stratification (Depth 1 – Depth 2) was similar across all study sites, which were all
highly dissimilar from reference conditions. Clay stratification overall was greatest at the
reference site, and only at the reference site was clay higher at Depth 1 than at Depth 2.

Figure 8. Transect soil clay content by sample depth and site. Letters indicate Tukey’s HSD
groupings for clay content stratification (Depth 1 minus Depth 2). Boxes represent medians
and interquartile ranges, whiskers represent non-outlier minimums and maximums, and
dots represent outliers.
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CHAPTER 5. DISCUSSION
5.1 Question 1: Field vs. Mined Performance
The differences observed between old field and mined sites did not align with initial
expectations. Although trees planted on SMCRA-reclaimed surface mines typically have
poor growth and development (Burger et al. 2017), this study suggests that, with FRA
reclamation techniques, they are largely equivalent or superior to old field sites for red
spruce restoration. Where red spruce planted on mined sites showed superior performance
relative to those on old fields, the difference was explained partially by site characteristics
such as slope, and partially by increased availability of magnesium in the soil. Other soil
nutrients – phosphorus, potassium, and calcium – appeared prominently in GLMs as
overall drivers of spruce seedling performance. This is puzzling at first glance, as the
study’s mined sites, prior to restoration, had soils with very low productivity and little to
no pedogenesis. The old field sites, on the other hand, have generally well-formed soils
that are at least productive enough to support healthy grass and shrub communities. Thus,
given that soil nutrient availability is a major driver of red spruce seedling performance, it
seems intuitive that the better-developed, higher-productivity soils of old field sites would
yield larger, healthier spruce.
However, despite the apparent productivity of old fields relative to mined sites,
studies of nutrient dynamics in old fields have discovered common trends that could be
deleterious to the growth of red spruce. Stinner et al. (1984) discovered net losses of P, Ca,
and Mg in old fields, due primarily to soil leaching. Similarly, Richter et al. (1994)
discovered net losses of Ca and Mg in old fields, due to leaching and uptake by vegetation
during succession from field to shrubland to woodland. Because reclaimed mines often
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languish in a state of arrested succession (Adams 2017), vegetative uptake is likely a less
significant driver of nutrient depletion on mined sites relative to old fields. Additionally,
and perhaps more importantly, the study area’s long-term exposure to acid rain not only
drives patterns of nutrient leaching but can also either exacerbate negative effects of soil
nutrient deficiencies or amplify positive effects of soil nutrient abundance on red spruce
growth (McLaughlin and Tjoelker 1992).
Since the 1950s, the eastern United States, particularly the Appalachians, have been
subjected to acid rain resulting from atmospheric pollution (Cogbill and Likens 1974). This
trend of acid deposition peaked in the late 1970s and early 1980s, then declined through
the 1990s and 2000s (Lynch et al. 2000). This history of acid deposition, alongside the
lower-intensity acid rain of today, has numerous effects on soil chemistry and plant growth.
Firstly, acid rain increases the rate of cation leaching, which typically lowers nutrient
availability. Additionally, when soil nutrients are scarce, acid rain can cause secondary
reactions that inhibit nutrient uptake by plants, including red spruce (McLaughlin and
Tjoelker 1992). Given patterns of nutrient depletion in old fields (Stinner et al. 1994;
Richter et al. 1984), these inhibitory secondary reactions may have occurred on this study’s
old field sites. However, on reclaimed mine lands with large quantities of unweathered
rock in the upper soil strata, acid rain can actually increase nutrient availability through
increased weathering of these rocks (Gentry et al. 1991). In cases such as this, where soil
nutrients are abundant, acid rain has been shown to induce secondary reactions that
increase the net photosynthesis of red spruce (McLaughlin and Tjoelker 1992). Thus, acid
rain may have a twofold beneficial effect on red spruce seedlings planted on reclaimed
mine lands: an overall increase in nutrient availability, and an increase in net
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photosynthesis. These effects may explain the seemingly counterintuitive trends observed
in the relative performance of red spruce seedlings on mined and old field sites.
It is also possible that soil compaction played a role in the relative height of mined
and old field seedlings at Year 7 and Year 10. While the mined sites were mechanically
decompacted prior to planting, the old field sites did not receive comparable site
preparation. All old field sites are abandoned pastureland, and under high-intensity grazing
pastureland can suffer from soil compaction, which can have a negative impact on
vegetation growth (Vanderburg et al. 2020). Due to the low intensity of past grazing on
this study’s old field sites, as well as the duration of abandonment, soil compaction may
not have played a significant role in the height differences observed; however, quantitative
data on soil compaction were not collected.
The only area in which old field spruce plantings significantly outperformed the
mined sites was in Year 1 seedling height. At the same time, the mined treatment
dramatically outperformed the old field in average seedling vigor at Year 1. While GLM
analysis showed that these differences were driven by variation in pH and soluble salts,
respectively, the statistics do not capture human error in the form of poor planting practices
implemented at the field site. Due to labor shortages driven by the COVID-19 pandemic,
the Year 1 field site was planted very late in the season, by which time many seedlings
were in extremely poor health due to extended storage in their shipping boxes (pers com,
Mike Powell, The Nature Conservancy in West Virginia, May 2021). This almost certainly
explains the difference in vigor, and it casts doubt on the GLM explanation for height
variation.
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An alternative explanation is that the difference in height was driven by
significantly greater overall ground cover, particularly graminoid cover, on old fields. This
is consistent with existing literature on red spruce life history. Spruce seedlings are adapted
to germinate in the low-light understory of a mature forest and spend several years
establishing themselves there (Burns and Honkala 1990). When established in open
conditions with minimal ground cover, red spruce seedlings are prone to poor health and
desiccation (Westveld 1931). Thus, the higher-cover conditions of old field sites are more
conducive to this early-life phase than the low-cover conditions of mined sites. However,
seedlings that successfully establish themselves in low-cover conditions and survive 2-3
years benefit from reduced competition for light and resources relative to their high-cover
counterparts, leading to increased long-term performance (Westveld 1931). On mined
sites, this improved performance is further enhanced by greater nutrient availability,
leading to significant long-term benefits relative to field sites.
Several inverse relationships were observed between slope steepness and seedling
performance, as well as positive relationships between cooler aspect and seedling
performance. As with the trends described above, these observations align with existing
literature, which identifies cool, wet areas with gentle slopes as the most suitable locations
for red spruce forests (Beane et al. 2013; Byers et al. 2010).
5.2 Question 2: Vegetation Trends
Three trends were observed that could constitute evidence of progress towards
reference conditions in the study sites’ plant communities: an increase in absolute
vegetation cover on mined sites, patterns of spruce seedling performance study-wide, and
patterns of spruce seedling density. The second trend is particularly strong, as most
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treatments are meeting or exceeding reference values for natural red spruce height, growth,
and vigor.
In a large-scale study of red spruce’s natural regeneration after clearcuts, Westveld
(1931) measured height and growth rate for seedlings up to 11 years old. This is equivalent
to this study’s year 10 seedlings, as seedlings are one year old when planted. At 11 years
of age, Westveld’s seedlings averaged 1.68 m tall with 20 cm of annual growth. Seedlings
at M10 averaged 2.01 m tall with 25 cm of annual growth, and seedlings at F10 averaged
1.47 m tall with 29 cm of annual growth. Additionally, seedlings at REF had an average
vigor score of 3.63, while M10 and F10 scored an average of 4.04 and 4.19, respectively.
Thus, based on reference values for height and growth described by Westveld and for vigor
measured at REF, M10 exceeds all reference values for spruce seedling performance, and
F10 seedlings are slightly below reference height but are above reference values for growth
and vigor.
Trends in density of planted spruce are somewhat more varied, although most
planting sites meet or exceed reference values (Pauley 1988; Byers et al. 2010) for red
spruce density (Figure 4). F1 and F10 have average densities more than double the
reference average and density ranges almost entirely outside the range determined by REF.
This increased density was not found to have a significant effect on seedling height, growth
rate, or vigor. M1 and M7 have average densities below the reference average, but their
density ranges fall largely within the range determined by REF.
The high densities of F1 and F10 mean that those sites could undergo significant
levels of seedling mortality while still remaining at or above reference density. On the other
hand, mortality over time at M1 and M7 could drive them below the reference density
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range. Even so, these two sites are currently within the reference density range, and the
other four sites are well within or above that range. Assuming these densities remain
relatively constant until canopy closure, all study sites are on track towards reference
values for red spruce density.
The trends above are strong indications that the red spruce component of the target
spruce-hardwood forest is progressing towards reference conditions. However, this alone
is insufficient evidence to support the claim that study sites are trending towards reference
conditions. To support that claim, the study sites’ hardwood communities would also need
to show trends towards reference conditions, and neither JSC nor SWDI provided evidence
of such trends.
Pickett (1982) found that, in old field succession from a plowed state – which might
be considered intermediary between this study’s old field and mined sites – ShannonWeiner diversity and woody plant cover increased non-linearly, annual and biennial
herbaceous cover decreased non-linearly, and perennial herbaceous cover and absolute
cover followed roughly parabolic curves. Moreover, there was extreme inter-annual
variability in all of these variables. This study’s design, with only three time points on its
chronosequence, did not capture enough data points to correct for interannual and inter-site
variability to accurately describe these non-linear trends. Thus, while the spruce
components of this study’s sites are trending strongly towards the reference sprucehardwood forest conditions, the hardwood component, and therefore the overall stand
composition, remains uncertain.
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5.3 Question 3: Soil Trends
Overall, several trends were observed that support the assertion that study sites’
soils are trending towards reference conditions. Mined sites’ soil pH is decreasing, and the
Year 7 field site’s pH is already similar to reference conditions. Similarly, soil nitrogen
stratification is increasing over time on mined sites, approaching reference values, and all
old field sites have nitrogen stratification similar to reference values. No clear trends over
time, either towards or away from reference conditions, were observed in carbon content
or clay content.
Because the old field sites, at the time of planting, had already undergone extensive
pedogenesis, the changes observed in their soils since planting are likely due almost
entirely to changes in vegetation, including the growth of planted red spruce. Mined sites,
on the other hand, started with no identifiable soil profile and essentially began the process
of pedogenesis at the time of planting. Therefore, changes in their soils are likely due to a
combination of several soil forming factors, particularly climate and vegetation. Thus,
while changes in mined soils have been more pronounced, it is more difficult to isolate the
effects of planted red spruce within those changes.
Overall, the soil trends described above provide some support, albeit inconclusive,
for the assertion that study site soils are trending towards reference conditions.
CHAPTER 6. CONCLUSION
This study’s results corroborate and connect several trends that have been observed
in prior literature. These trends, combined with this study’s quantitative data on red spruce
seedling performance, fill the knowledge gap on the absolute and relative efficacies of red
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spruce reforestation projects on legacy mined lands and old field sites in the Central
Appalachians.
Old field sites offer abundant herbaceous cover that supports the early development
of red spruce seedlings, but the combination of acid rain and nutrient depletion has led to
sub-optimal long-term seedling performance. Still, old field sites are overall performing
within reference parameters and offer the benefit of relatively low planting costs, meaning
that they continue to be a strong option for large-scale plantings.
Mined sites, on the other hand, require extensive and costly site preparation for
FRA forest restoration, but this increased cost produces significantly improved results. Red
spruce seedlings planted on mined lands show long-term growth that is markedly superior
to that of old field plantings and that of reference conditions. These trends suggest that
FRA red spruce reforestation on mined lands, though relatively costly, will produce a
functional red spruce forest more quickly than old field plantings.
The threat from climate change imposes a severe time restriction on red spruce
reforestation (Beane and Rentch 2015), and the scope of reforestation required remains
massive (Thomas-Van Gundy and Sturtevant 2014). The scope of legacy mined lands is
also massive: roughly 1.5 million acres in Appalachia (Zipper et al. 2011), at least 25,000
acres of which fall within the high elevations of West Virginia (Branduzzi 2020). Given
the rapid rate of red spruce growth on mined lands, these 25,000 acres represent a key area
which, alongside old field restoration, will be critical to the timely landscape-scale
restoration of red spruce – northern hardwood forests.
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APPENDICES
Appendix A: Site Maps

Figure A1. General site locations.
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Figure A2. Mined site locations with 2016 land cover and 20 ft. contours. Map layers
provided by West Virginia GIS Technical Center (https://wvgis.wvu.edu/data/data.php).
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Figure A3. F1 and F10 locations with 2016 land cover and 20 ft. contours. Map layers
provided by West Virginia GIS Technical Center (https://wvgis.wvu.edu/data/data.php).

39

Figure A4. F7 location with 2016 land cover and 20 ft. contours. Map layers provided by
West Virginia GIS Technical Center (https://wvgis.wvu.edu/data/data.php).
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Figure A5. REF location with 2016 land cover and 20 ft. contours. Map layers provided by
West Virginia GIS Technical Center (https://wvgis.wvu.edu/data/data.php).
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Appendix B: Sample Data Sheet
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Appendix C: Soil Data
Table C1. Soil data, part 1. For each site, each variable was averaged across all transects at
depth 0-10 cm (D1 AVG), depth 10-25 cm (D2 AVG), and both depths combined (SITE
AVG). Sites are listed by site type (Mined = M, old field = F) and year post-planting.
SITE
M1

M7

M10

F1

F7

F10

REF

Soil_wtr_pH

[P]

[K]

[Ca]

[Mg]

[Zn]

Total_N

Total_C

CEC

UNIT>

pH

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

%

%

cmol/kg

SITE AVG>

5.439

2.688

73.094

565.313

271.031

8.303

0.134

3.613

11.778

D1 AVG>

5.508

2.813

72.625

650.313

277.188

8.575

0.143

3.844

12.220

D2 AVG>

5.370

2.563

73.563

480.313

264.875

8.031

0.124

3.381

11.335

SITE AVG>

5.327

6.438

125.563

512.688

260.625

8.247

0.121

2.354

10.686

D1 AVG>

5.334

9.250

144.500

547.688

255.313

9.469

0.147

2.581

11.199

D2 AVG>

5.320

3.625

106.625

477.688

265.938

7.025

0.096

2.126

10.174

SITE AVG>

5.093

6.000

106.531

479.813

249.313

6.484

0.185

3.282

12.546

D1 AVG>

5.069

7.000

122.875

483.250

225.000

7.163

0.244

3.977

14.378

D2 AVG>

5.118

5.000

90.188

476.375

273.625

5.806

0.125

2.588

10.714

SITE AVG>

4.924

4.469

67.406

862.531

59.281

11.388

0.212

2.622

16.596

D1 AVG>

4.879

7.000

85.063

850.313

68.938

14.463

0.293

3.605

18.111

D2 AVG>

4.969

1.938

49.750

874.750

49.625

8.313

0.132

1.640

15.081

SITE AVG>

4.676

3.906

69.563

266.594

45.500

4.144

0.245

2.551

14.343

D1 AVG>

4.645

5.438

88.500

297.313

52.688

4.806

0.326

3.326

14.849

D2 AVG>

4.708

2.375

50.625

235.875

38.313

3.481

0.164

1.872

13.836

SITE AVG>

5.018

13.500

156.969

898.250

72.000

8.291

0.297

3.739

20.811

D1 AVG>

5.098

18.563

209.188

1045.750

89.375

11.438

0.388

4.697

22.863

D2 AVG>

4.938

8.438

104.750

750.750

54.625

5.144

0.205

2.782

18.760

SITE AVG>

3.874

18.063

29.188

84.000

28.250

87.263

0.409

4.081

10.400

D1 AVG>

3.818

15.250

36.875

99.000

34.125

145.425

0.446

4.996

9.818

D2 AVG>

3.930

20.875

21.500

69.000

22.375

29.100

0.373

3.472

10.983
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Table C2. Soil data, part 2. For each site, each variable was averaged across all transects at
depth 0-10 cm (D1 AVG), depth 10-25 cm (D2 AVG), and both depths combined (SITE
AVG). Sites are listed by site type (Mined = M, old field = F) and year post-planting.
SITE
M1

M7

M10

F1

F7

F10

REF

Sand

Silt

Clay

Exch._K

Exch._Ca

Exch._Mg

Exch._Na

Sol_Salts

Base_Sat

UNIT>

%

%

%

cmol/kg

cmol/kg

cmol/kg

cmol/kg

mmhos/cm

%

SITE AVG>

40.233

40.438

19.330

0.271

3.544

2.785

0.011

0.045

54.755

D1 AVG>

40.311

40.624

19.068

0.274

4.130

2.893

0.011

0.048

58.033

D2 AVG>

40.155

40.253

19.593

0.268

2.958

2.678

0.010

0.042

51.478

SITE AVG>

49.780

34.463

15.756

0.381

2.807

2.236

0.015

0.086

53.491

D1 AVG>

51.590

33.599

14.808

0.460

3.340

2.441

0.015

0.087

55.448

D2 AVG>

47.970

35.326

16.705

0.303

2.274

2.030

0.015

0.084

51.535

SITE AVG>

49.156

35.437

15.408

0.371

2.726

2.327

0.018

0.070

46.043

D1 AVG>

51.489

34.379

14.134

0.458

3.054

2.348

0.020

0.080

42.358

D2 AVG>

46.824

36.495

16.683

0.284

2.398

2.306

0.016

0.060

49.729

SITE AVG>

31.308

49.973

18.718

0.261

5.814

0.526

0.019

0.072

40.993

D1 AVG>

33.378

50.879

15.741

0.331

6.044

0.658

0.020

0.088

40.323

D2 AVG>

29.239

49.066

21.695

0.190

5.585

0.395

0.019

0.055

41.663

SITE AVG>

28.092

53.067

19.091

0.297

1.648

0.365

0.435

0.095

14.699

D1 AVG>

30.977

53.677

16.286

0.394

2.004

0.448

0.853

0.122

16.885

D2 AVG>

25.568

52.533

21.896

0.200

1.293

0.283

0.018

0.067

12.513

SITE AVG>

36.225

50.327

13.448

0.605

6.799

0.739

0.032

0.119

38.223

D1 AVG>

39.606

48.384

12.011

0.841

8.736

1.004

0.033

0.150

45.516

D2 AVG>

32.844

52.270

14.885

0.369

4.863

0.474

0.031

0.088

30.929

SITE AVG>

65.538

26.974

28.008

0.405

0.278

0.139

8.179

0.088

1.863

D1 AVG>

60.745

32.195

29.718

0.470

0.343

0.183

8.426

0.099

2.240

D2 AVG>

68.733

23.493

26.298

0.340

0.213

0.095

7.931

0.078

1.485
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